Sheet metal formability is assessed in terms of the Forming Limit Diagram (FLD) for magnesium alloys with Hexagonal Close Packed (HCP) crystallographic structure. All simulations are based on the recently developed elastic-visco-plastic self-consistent (EVPSC) model and the classical Taylor model, in conjunction with the M-K approach. The role of crystal plasticity models and the effects of basal texture on formability of magnesium alloy AZ31B sheet are studied numerically. It is observed that formability in HCP polycrystalline materials is very sensitive to the intensity of the basal texture. The path-dependency of formability is examined based on different non-proportional loading histories, which are combinations of two linear strain paths. It is found that while the FLD in strain space is very sensitive to strain path changes, the Forming Limit Stress Diagram (FLSD) in stress space is much less path-dependent. It is suggested that the FLSD is much more favourable than the FLD in representing forming limits in the numerical simulation of sheet metal forming processes. The numerical results are found to be in good qualitative agreement with experimental observations.
Introduction
The concept of the Forming Limit Diagram (FLD) has been used to represent conditions for the onset of sheet necking (see, e.g. Hecker, 1975) ; this is now a standard tool for characterizing materials in terms of their overall forming behavior. Most theoretical and numerical FLD analyses have been based on the so-called M-K approach, developed by Marciniak and Kuczynski (1967) . Within the M-K framework, the influence of various constitutive features on FLDs has been explored using phenomenological plasticity models (see, e.g. Neale and Chater, 1980; Wu et al., 2003) and crystal plasticity (see, e.g. Zhou and Neale, 1995; Wu et al., 1997; Inal et al., 2005; . Using the M-K approach, the predicted FLDs based on crystal plasticity were in good agreement with measured FLDs for rolled aluminum alloy sheets (Wu et al., 1998; Knockaert et al., 2002) . However, almost all the FLD analyses have been for polycrystalline sheet metals with Face Centered Cubic (FCC) and Body Centered Cubic (BCC) crystallographic structures. Only very recently, Neil and Agnew (2009) and Lévesque et al. (2010) carried out crystal plasticity based FLD analyses for magnesium alloys with Hexagonal Close Packed (HCP) crystallographic structure, based on respectively the viscoplastic self-consistent (VPSC) model developed by Molinari et al. (1987) and Lebensohn and Tomé (1993) and the Taylor-type model proposed by Kalidindi (1998) .
In the present paper, an FLD analysis for magnesium alloy AZ31B sheet is carried out based on the elastic-visco-plastic selfconsistent (EVPSC) model recently developed by Wang et al. (2010c) and the classical Taylor model (Taylor, 1938) , in conjunction with the M-K approach. The main purposes of this paper are to study (1) the effect of basal texture on formability; (2) the role of constitutive model on predicted FLDs; and (3) the pathdependency of formability. To the best of our knowledge, all these three important aspects have not been addressed for HCP polycrystalline sheets.
First of all, it is well-known that conventionally processed magnesium sheet exhibits very limited formability, due to the limited number of plastic deformation modes available. This can be explained based on the deformation behavior of magnesium single crystals deformed in uniaxial or biaxial tension with the basal plane parallel to the loading direction. In this case, the imposed extension is accompanied by contraction normal to the loading axis, in the direction tangential to the basal plane; very limited reduction normal to the basal plane is observed, and the crystals exhibit low ductility (Reed-Hill and Robertson, 1957) . This behavior has strong implications for the room temperature formability of HCP magnesium wrought alloys, in which the basal planes typically lie preferentially in the plane normal to the primary compression direction imposed during processing. However, recent experimental works have revealed that formability of magnesium sheets can be significantly improved through texture optimization 0020-7683/$ -see front matter Ó 2010 Elsevier Ltd. All rights reserved. doi:10.1016/j.ijsolstr.2010.12.004 by mainly re-orientating basal plane. For example, Huang et al. (2008) have reported an increase in the uniform strain prior to necking in AZ31 sheet produced by differential speed rolling (DSR), where the basal poles are tilted $15°in the rolling direction (RD). Chino et al. (2008) have observed enhanced tensile ductility of AZ31 bar through torsional extrusion (TE), where the basal poles are inclined $30°to the extrusion direction. Mukai et al. (2001) and Agnew et al. (2004) have shown that enhanced ductility can be achieved through equal channel angular extrusion (ECAE), where the basal planes are preferentially inclined $45°to the extrusion direction. In a recently study, Wang et al. (2010b) investigated the influence of basal texture on the uniform strain under uniaxial tension and the limit strain under in-plane plane strain tension. This preliminary study suggested that formability can be significantly improved by controlling texture even without grain refinement. The present paper carries out a detailed study on the effects of basal texture on FLDs.
Secondly, it is also well-known that predicted FLDs are sensitive to the constitutive modes employed (see, e.g. Wu et al., 2003) . Motivated by the works on effects of texture on formability of aluminum alloy sheets (Wu et al., 2004a; Kuroda and Ikawa, 2004; Yoshida et al., 2007) . recently investigated how the cube texture affects the formability of FCC sheet metals. It was found that the predicted FLDs based on the VPSC model are quite different to the ones based on the classical Taylor model. In the present paper, the role of the constitutive model on formability of HCP sheet metals is assessed by comparing the predicted FLDs based on the EVPSC model with various selfconsistent schemes and the classical Taylor model.
Finally, both experimental and numerical results have indicated that FLDs for FCC and BCC sheet metals are very sensitive to strain path changes (see, e.g. Kikuma and Nakajima, 1971; Laukonis and Ghosh, 1978; Graf and Hosford, 1994; Zhao et al., 1996; Hiwatashi et al., 1998; Kuroda and Tvergaard, 2000; Wu et al., 2000 Wu et al., , 2005 . Knowing the drawback of conventional FLDs, Arrieux et al. (1982) , among others, represented formability based on the state of stress rather than the state of strain. They constructed a Forming Limit Stress Diagram (FLSD) by plotting the calculated principal stresses at necking. It was concluded that all FLSDs, based on phenomenological plasticity models such as Hill (1948) and Hosford (1979) and crystal plasticity theory (Asaro and Needleman, 1985) , were almost path-independent (Arrieux, 1995; Zhao et al., 1996; Stoughton, 2000; Stoughton and Zhu, 2004; Wu et al., 2000 Wu et al., , 2005 . However, effects of strain path changes have not been studied for HCP polycrystalline sheets. This paper examines the path-dependency of the formability for HCP polycrystalline sheets. In these simulations, non-proportional loading histories are developed using combinations of two linear strain paths. The first strain path, the pre-strain operation, is common to all loading histories. Subsequent linear deformation paths are imposed by varying the strain-rate ratio for the development of an FLD applicable to that given pre-strain path and amount.
The paper is outlined as follows. In Section 2, the EVPSC model is briefly introduced. The problem is formulated in Section 3. Followed by the calibration of the models against experimental stress-strain curves, numerical results and discussions are provided in Section 4. Finally, Section 5 presents conclusions.
Constitutive model
The elastic-visco-plastic self-consistent (EVPSC) model for polycrystals recently developed by Wang et al. (2010c) 
where c ac ¼ P a jc a j is the accumulated shear strain in the grain, and h ab are the latent hardening coupling coefficients, which empirically account for the obstacles on system a associated with system b. s a is the threshold stress and is characterized by:
Here, s 0 , h 0 , h 1 and s 0 + s 1 are the initial CRSS, the initial hardening rate, the asymptotic hardening rate, and the back-extrapolated CRSS, respectively. The polar nature of twinning is incorporated into the model simply by specifying a very large CRSS for the reverse direction. Various homogenization methods have been developed to characterize the mechanical behavior of a polycrystalline aggregate from the responses of their single crystals. Among them, the most popular Taylor model assumes that the strains of each grain are equal to the imposed macroscopic strains, and the macroscopic stresses are the average of the stresses over all the grains. Another popular homogenizing method is the self-consistent approach: each grain is treated as an ellipsoidal inclusion embedded in a Homogeneous Effective Medium (HEM), which is an aggregate of all the grains. Interactions between each grain and the HEM are described using the Eshelby inclusion formalism (Eshelby, 1957) . During each deformation step, the single crystal constitutive rule (which describes the grain-level response) and the self-consistency criteria are solved simultaneously. This ensures that the grain-level stresses and strain rates are consistent with the boundary conditions imposed on the HEM. The behavior of the inclusion (single crystal) and of the HEM can be linearized as follows (Wang et al., 2010c) :
where M e , M v and d 0 are the elastic compliance, the visco-plastic compliance, and the back-extrapolated term for the grain, respectively. M e ; M v ; D; R and D 0 are the corresponding terms for the HEM. The grain-level stress and strain rates are related self-consistently to the corresponding values for the HEM as follows:
where the interaction tensors f M e and f M v are given by:
Here, S e and S v are the elastic and visco-plastic Eshelby tensors for a given grain, respectively. I is the identity tensor. Different self-consistent schemes (SCSs) depend on different choices for the linearization. Among various SCSs, the Secant SCS employs the following linearization:
while the Affine SCS applies the linearization:
With the aid of the Tangent and Secant relation: (Hutchinson, 1976) , the interaction tensor in the Tangent self-consistent scheme is given by:
Molinari and Tóth (1994) introduced a scalar interaction parameter m eff by tuning the self consistent predictions with the finite element results. The resulted m eff SCS provides an intermediate interaction tensor:
The scheme would produce a rigid upper bound solution when m eff = 1. If m eff = m is assumed, this scheme reduces to the Tangent scheme (see also Tomé (1999) ). For details concerning the self-consistent equations associated with the different visco-plastic self-consistent algorithms, we refer the interested reader to Lebensohn et al. (2007) .
Very recently, Wang et al. (2010a) evaluated several selfconsistent approaches by studying the large strain behavior of magnesium alloy AZ31B sheet under different deformation processes. It was found that, of the approaches examined, the Affine self-consistent and m eff self-consistent with interaction stiffness between the Secant (stiff) and Tangent (compliant) give the best results. Therefore, the EVPSC model with the Affine self-consistent scheme and m eff self-consistent scheme, together with the classical Taylor model, are employed to study the role of constitutive model on FLDs.
To model the twinning activity, the Predominant Twin Reorientation (PTR) scheme proposed by Tomé et al. (1991) is used. PTR prevents grain reorientation by twinning until a threshold value A th1 is accumulated in any given system and rapidly raises the threshold to a value around A th1 + A th2 . For simplicity, EVPSC models with the Affine and m eff SCSs are respectively called the Affine and meff models in the rest of the present paper.
Problem formulation and method of solution
Following the numerical procedure developed by Wu et al. (1997) , the EVPSC model outlined above, in conjunction with the M-K approach, is implemented into a numerical code for constructing the FLDs. We assume that the axes x 1 and x 2 define the rolling direction (RD) and the transverse direction (TD) in the plane of the sheet, while x 3 represents the direction normal to the sheet (ND). The basic assumption of the M-K approach is the existence of material imperfections in the form of grooves that is initially inclined at an angle w I with respect to the x 1 reference direction ( Fig. 1) . Marciniak and Kuczynski (1967) showed that a slight intrinsic inhomogeneity in load bearing capacity throughout a deforming sheet can lead to unstable growth of strain in the region of the imperfection, and subsequently cause localized necking and failure. In the present paper, quantities inside the groove are denoted by ( ) b . The thickness along the minimum section in the groove is denoted by h b (t), with an initial value h b (0). The initial geometric non-uniformity is defined by
hð0Þ ð13Þ with h(0) being the initial sheet thickness outside the imperfection groove.
The deformation outside the imperfection groove is assumed to be: Under the imposed deformations described in (14), the evolution of the groove orientation w is given by
where n 1 = cos w and n 2 = sin w are the components of the unit normal to the band (Fig. 1 ). Here and subsequently, all quantities are in the current configuration. Equilibrium and compatibility inside and outside the groove are automatically satisfied because uniform deformations are assumed both inside and outside the groove. The compatibility condition at the groove interface is given in terms of the differences in the velocity gradients inside and outside the groove: where v n are parameters to be determined. Here, and subsequently, Greek indices range from 1 to 2. Equilibrium balance on each side of the interface requires that 
The onset of sheet necking is defined by the occurrence of a much higher maximum principal logarithmic strain rate inside the band than outside, taken here as the condition _ and then selecting the minimum value as the actual forming limit strain. The entire FLD of a sheet is determined by repeating the procedure for different strain paths outside the band as prescribed by the strain-rate ratio q. To study path-dependency of FLDs, nonproportional loading histories are developed using combinations of two linear strain paths. The first strain path; i.e. the pre-strain operation, is common to all loading histories. Subsequent linear deformation paths are imposed by varying the strain-rate ratio for the development of an FLD applicable to that given pre-strain path and amount.
Results and discussions
We assume that plastic deformation is due to slip in the Basal hai f0001gh11 20i À Á , Prismatic hai f10 10gh11 20i À Á and Pyramidal hc þ ai f 1 122gh 1 123i À Á slip systems, and twinning on the f10 12gh 1011i tensile twin system (see Fig. 2 ). It is noted that Pyramidal hai f1 101gh11 20i À Á slip system is frequently referred to in the magnesium literature. However, it has been reported that the Prismatic hai slip is more important than Pyramidal hai slip (Ward Flynn et al., 1961) . Furthermore, as pointed out by Agnew et al. (2001) , the kinds of deformations and crystallographic textures induced by Pyramidal hai slip could also result from a combination of Basal hai slip and Prismatichai slip. Therefore, Pyramidal hai is not included in the present paper.
The elastic stiffness tensor L is a fourth order tensor. Due to its symmetric properties L ijkl = L jikl = L ijlk , the elasticity tensor can be presented in terms of the following 6 Â 6 matrix: 
The elastic anisotropy of single crystals can be included by using the crystal elastic constants C ij (Wang and Mora, 2008) . For HCP materials,
with the other components being zero. For an isotropic material one would have
are the Lamè constants in terms of the Young's modulus E and the Poisson's ratio t.
The reference material studied in the present paper is a magnesium alloy AZ31B sheet at room temperature. The experimentally measured mechanical behavior of the sheet has been reported by Jain and Agnew (2007) . The measured {00.1} and {10.0} pole figures for the as-received reference sheet are shown in Fig. 3 . This is a typical rolling texture with major and minor peaks close to ND, at about 5°and À5°along the RD, respectively. Fig. 3 also shows the pole figures obtained by rotating the reference texture by an angle a about TD. In the {00.1} pole figures, this rotation results in a vertical downward translation of the peaks in the reference texture (i.e. a downward translation of the peaks along RD).
The intensity of the basal texture as a function of tilted angle a is shown in Fig. 4 . The intensity is calculated as the ratio of the number of grains with a maximum orientation difference to the ideal basal orientation of less than 15°, to the total number of grains. The ideal basal grain corresponds to perfect alignment of the basal pole with the normal direction. It is interesting to note that the calculated intensity for a = 5°is higher than for a = 0°(reference texture). The reason for this is that the reference texture has its major peak at around 5°with respect to the RD. For a = 5°, this peak is translated into the centre of the pole figure (i.e., the ideal orientation), resulting in the observed intensification of the basal texture. Nevertheless, the intensity decreases rapidly when the tilt angle is relatively large.
It is very important to be noted that the decrease in the intensity does not imply any weakening of the texture. It only represents that the rotation changes the orientation of dominant texture components with respect to the principal straining directions. Even thought the intensity parallel to the new sheet normal direction is lower, the overall texture is not weakened. It is also important to be pointed out that the equal channel angular extrusion, torsion extrusion, and differential speed rolling not only rotate the basal pole but also weaken the texture. In the present paper, while effects of the basal pole rotation on FLDs will be studied, influences of the texture weakening on FLDs will not be considered.
The reference slip/twinning rate, _ c 0 , and the rate sensitivity, m, assumed to be same for all slip/twinning systems, are take as 0.001 s À1 and 0.05, respectively, unless otherwise mentioned. We further assume that elasticity is isotropic with Young's modulus E = 2 Â 10 5 MPa and Poisson's ratio t = 0.33. It is worth mentioning that E = 0.45 Â 10 5 MPa is frequently referred to in the magnesium literature. Wang et al. (2010c) have shown that the predicted stress-strain curves and texture evolution based on the EVPSC are not sensitive to the value of Young's modulus and are very close to those based on the VPSC models at large strains for monotonic loading. For example, the calculated stress-strain curves under monotonic loadings are not significantly dependent on the value of Young's modulus and are almost the same as the ones according to the VPSC model at large strains. Furthermore, with the value of the Young's modulus used, E = 2 Â 10 5 MPa, responses of the sheets considered are expected to be nearly rigid plastic, and the predictions based on the EVPSC model should be almost the same as those based on the VPSC model, even at small strains. The effect of Young's modulus on the predicted limit strains was examined for the asreceived sheet under in-plane plane strain tension. It was found that the choice of modulus did not affect the predict FLD value by more than 0.5%. Thus, without losing generality, using a very high value of Young's modulus makes it easy for us to validate the EVPSC model based FLD code because the difference in predictions between the EVPSC and VPSC is expected to be very small during the entire deformation process. However, the deformation process may involve unloading during strain path changes (Wu et al., 2005) . Therefore, EVPSC model is preferential to simulate strain path changes because VPSC model cannot account for unloading. Values of the other material parameters are estimated by fitting numerical simulations of uniaxial tension and compression along the RD to the corresponding experimental data for the reference sheet. In these simulations, a strain rate of D 11 = 0.001 s À1 is prescribed in the loading direction, the only non-zero stress component is the normal stress along the loading direction. All of the strains are allowed to develop freely. Thus, in addition to the nor- mal strains in the width and thickness directions, three shear strains are allowed to develop. Since the c-axes of the constituent grains are preferentially oriented normal to RD in the reference texture, tensile twinning contributes little to plastic deformation in uniaxial tension along the RD, but is the predominant plastic deformation mode in uniaxial compression at small strains. Thus, values for the material parameters associated with slip systems are determined from uniaxial tension along the RD, while values for the material parameters associated with twinning are determined from uniaxial compression along the RD. Fig. 5 presents the uniaxial tension and compression true stress and plastic strain curves along the RD. The importance of twinning in compression is clearly revealed by the characteristic S-shape of the flow curve. The Taylor model and EVPSC model associated with Affine selfconsistent scheme and m-effective scheme fit the experimental stress strain curves well. Table 1 contains the material parameters obtained from the simulations. These parameters are used in all subsequent simulations.
We proceed by constructing FLDs using the value of the material parameters determined above. In all the simulations reported in the present paper, the initial geometric non-uniformity is taken as f 0 = 0.99. It is noted that the value of f 0 is usually determined by fitting the measured limit strain at in-plane plane strain tension (Wu et al., 1998) . Unfortunately, there are no available FLDs measured at room temperature for AZ31B. Fig. 6 shows the predicted FLDs for the reference sheet based on the Taylor, Affine and meff models. Generally speaking, all the models predict similar overall FLDs, which are analogical to the one obtained by Neil and Agnew (2009) at room temperature. It is seen from Fig. 6 that the predicted major limit strain e Ã 11 decreases with q to reach its lowest point at q % 0.1 for all the models, and then increases until q = 0.4, 0.2 and 0.3 for the Taylor, Affine and meff models, respectively. With further increasing q; e Ã 11 once again decreases. It is interesting to note that the ''hump'' shown in Fig. 6 in the righthand side of the predicted FLDs was also found by Chino et al. (2007) from the measured FLDs for magnesium alloy AZ31 sheet at elevated temperature. As mentioned previously, in the simulations we have scanned every 5°of a range of w I and then determined the critical groove angle that gives the minimum localization strain, i.e. the limit strain. Fig. 7 gives the predicted critical groove orientations. It is seen that, for all the models employed, a groove oriented at w I = 0 is favourable for necking when À0.4 6 q 6 0.8, while the critical groove orientation w I = 5°is found under uniaxial tension (q = À0.5). At equi-biaxial tension (q = 1) the critical groove orientations w I = 10°, 20°, 10°are calculated based on the Taylor, Affine and meff models, respectively.
When q = 0.9, the critical groove orientation w I = 10°is found for the meff model, while a groove oriented at w I = 0 is favourable for the Taylor and Affine models.
Previous studies have indicated that FLDs are usually sensitive to the material rate sensitivity (e.g. Hutchinson and Neale, 1977; Wu et al., 1997) . Fig. 8 shows the change in the predicted FLD based on the Affine model when the value of the material rate sensitivity m is decreased from 0.05 to 0.02. Decreasing the rate sensitivity tends to degrade the hardening at large strains. Consistent with this, Fig. 8 shows that the limit strain is decreased relative to that in Fig. 6 . The effect of m on FLDs shown in Fig. 8 is similar to that based on the M-K approach in conjunction with phenomenological plasticity (Neale and Chater, 1980) and crystal plasticity for FCC polycrystals (Wu et al., 1997) .
It is generally accepted that texture evolution has a significant effect on the initiation and propagation of shear bands in FCC polycrystalline metals (see, e.g. Inal et al., 2002a,b) . In this paper, repeating calculations reported in Fig. 6 but turning off the texture evolution assesses the influence of the texture evolution on FLDs. Numerical results based on the Affine model are presented in Fig. 9 . It is observed that texture evolution has a negligible effect on limit strains for strain paths nearby in-plane plane strain tension. However, texture evolution decreases the limit strains significantly when q P 0.4 or q 6 À0.3. The predicted effect of texture evolution shown in Fig. 9 is opposite to those found for FCC and BCC polycrystals. Wu et al. (2004b) , 2007 have reported that texture evolution significantly increases the limit strains for strain paths q P 0 for FCC polycrystals, while Inal et al. (2005) have found that texture evolution has a negligible influence on predicted FLDs for BCC polycrystals.
The effects of initial texture on predicted FLDs have been extensively studied for FCC and BCC polycrystalline sheets (see, e.g. Wu et al., 1997 Wu et al., , 1998 . Figs. 10-12 present the influence of initial texture on the predicted FLDs based on the Taylor model, Affine model and meff model, respectively. All the models predict a general trend: formability of HCP sheets can be improved through rotating the reference texture by an angle a about the TD. It is noted that when a = 45°the intensity of basal texture is almost the same as that in a random texture (see Fig. 4 ), and consequently the predicted limit strains are comparable to those for random texture. Fig. 13 shows the predicted critical groove orientations when a = 45°. It is seen that a groove oriented at w I = 0 is favourable for necking when À0.3 6 q 6 0.4, for all models employed. Based on the Taylor model, the critical groove orientations w I = 0°, 5°and 10°are found for q = À0.4, q = À0.5 and q P 0.9, respectively. According to the meff model, w I = 10°is the critical groove orientation for strain paths q P 0.5 or q 6 À0.4. The critical groove orientations w I = 5°and 10°are found respectively for q = À0.5 and q P 0.8 if the Affine model is applied. The effect of basal texture on formability is even more clearly exhibited in Fig. 14, which shows the predicted limit strain versus the tilted angle a under in-plane plane strain tension (q = 0) based on various models. It is clear that the predicted necking strain is dramatically increased when the tilted angles a > 15°.
It is important to be noted that all the simulations reported above are assumed that the major straining direction is parallel to the RD. Fig. 15 shows the predicted major limit strains under uniaxial tension, in-plane plane strain tension and equi-biaxial tension when the major straining direction is parallel to the TD. Here, the major limit strains are normalized by the corresponding limit strains for the as-received sheet (i.e. a = 0). To avoid congestion, the origin is shifted by 0.5 parallel to ordinate in Fig. 15 . Obviously, the predicted formability under equi-biaxial tension (q = 1) is same as the one in the case of the major straining direction being parallel to the RD. Under uniaxial tension (q = À0.5), the predicted major limit strain is independent of the titled angle a. The reason for this is that the rotation of the texture is around the TD and thus the rotation does not affect the uniaxial tension along the TD (Wang et al., 2010b) . Under in-plane plane strain tension (q = 0), the formability is less dramatically improved by rotating the texture around the TD if the major straining direction is parallel to the TD. These results are in good agreement with the experimental observation made by Agnew et al. (2004) .
Figs. 10-14, together with Figs. 6 and 7, clearly indicate that if values of material parameters in the constitutive models are determined by best-fitting the same experimental data, the constitutive models predict similar FLDs. In other words, the difference in the predicted FLDs between various models is quantitative rather than qualitative.
Finally, the effects of strain path changes on FLDs for the reference sheet are numerically studied based on the Affine model. The sheet is pre-strained respectively in uniaxial tension (q = À0.5), inplane plane strain tension (q = 0) and equi-biaxial tension (q = 1). When the designed pre-strain level is reached, the current imperfection f and deformation state inside and outside the groove are used as the starting state for the subsequent strain path in the FLD analysis. Fig. 16 shows FLDs for both the as-received and sheets prestrained in uniaxial stretching up to e 11 = 0.1 and 0.15, respectively.
It is clear that uniaxial pre-straining not only shifts the whole FLDs to the left, but also shifts the FLDs upwards. The use of uniaxial tension pre-strain can thus lead to large regions of strain path enhanced formability, where strain states can be reached through non-proportional histories which could not be achieved by proportional histories. Fig. 17 shows the predicted FLDs following inplane plane strain tension operations. As expected, the limit strain for in-plane plane strain tension is not affected by the pre-straining. The FLD shape exhibits a trend of changing from U towards V due to the pre-straining. More specifically, for strain paths q P 0.3, it is found that the pre-straining has almost no effect on the limit strain e 11 , but it dramatically decreases the limit strain e 22 . For subsequent strain paths q < 0, the pre-straining reduces both limit strains e 11 and e 22 . The FLD predicted following equibiaxial pre-straining is shown in Fig. 18 . The formability associated with subsequent in-plane plane strain tension following the equibiaxial tension pre-strain is predicted to shift to slightly lower major strain and to significantly increase the minor strain. This results in lowering the forming limits for most strain combinations in the region to the right of in-plane plane strain tension.
Figs. 16-18 clearly indicate that the FLD of the HCP sheet is very sensitive to strain path changes. The limit strains could be either raised or lowered depending on the nature of the strain path change. This observation is similar to the general trends of effects of strain path changes on forming limits in steel and aluminum sheets (Laukonis and Ghosh, 1978; Graf and Hosford, 1994) .
As mentioned previously, extensive researches on FCC and BCC polycrystalline sheets have confirmed that while the FLD is very sensitive to strain path changes, the FLSD is much less pathdependent (see, e.g. Stoughton, 2000; Wu et al., 2000 Wu et al., , 2005 . However, the FLSD and its path-dependency have not been studied for HCP polycrystalline sheets. It is worth mentioning that the effects of strain path changes on the predicted FLDs and FLSDs shown in Figs. 16-19 are based on the Affine model. However, similar results have been obtained by using the Taylor and meff models as well.
Conclusions
In this paper, we have calculated FLDs based on the classical Taylor model and the recently developed EVPSC model with various self-consistent schemes, in conjunction with the M-K approach, for magnesium alloy AZ31B sheet. In all the polycrystal plasticity models considered, both slip and twinning contribute to plastic deformations. The material parameters for the various models were first fitted to experimental uniaxial tension and compression curves along the RD and then used to predict FLDs. The effects of initial texture, texture evolution, strain rate-sensitivity, and strain path changes on forming limits have been studied. The numerical results have been found to be in good qualitative agreement with experimental observations. The following conclusions can be drawn:
(1) Formability of HCP sheets can be improved by rotating the basal pole around the TD even without grain refinement. (2) If values of material parameters in constitutive models are determined by best-fitting the same experimental data, the constitutive models predict similar FLDs for magnesium alloy AZ31B sheet. In other words, the difference in the predicted FLDs between various models is quantitative rather than qualitative. (3) While the FLD is very sensitive to strain path changes, the FLSD is much less path-dependent. This implies that the FLSD is much more favourable than the FLD in representing forming limits in the numerical simulation of sheet metal forming processes. 
